Escherichia coli DNA gyrase catalyzes negative supercoiling of closed duplex DNA at the expense of ATP. Two additional activities of the enzyme that have illuminated the energy coupling component of the supercoiling reaction are the DNA-dependent hydrolysis of ATP to ADP and Pi and the alteration by ATP of the DNA site specificity of the gyrase cleavage reaction. This cleavage of both DNA strands results from treatment with sodium dodecyl sulfate of the stable gyrase-DNA complex that is trapped by the inhibitor oxolinic acid. Either ATP (1, 5) . Gyrase is composed of two subunits that have been identified in preparations of the purified enzyme and have also been purified separately (3, 6). Subunit A of the Escherichia coli enzyme is the nalA gene product (molecular weight of protomer = 105,000) and determines sensitivity to the related pair of gyrase inhibitors, nalidixic acid (Nal) and oxolinic acid (Oxo) (6-9). Subunit B is specified by the cou locus (6) and determines sensitivity to another pair of drugs, novobiocin and coumermycin Al (7, 10, 11). Both subunits are required to reconstitute the five known activities of E. coli gyrase (6-8; unpublished data): (i) introduction of supercoils in the presence of ATP; (ii) relaxation of supercoils in the absence of ATP, a measure of the process we designate as "breakage and reunion"
coiled form. With substrate levels of gyrase, App(NHlp induces supercoiling that is proportional to the amount of enzyme; a -0.3 superhelical turn was introduced per gyrase protomer A. We postulate that ATP and App [NH] p are allosteric effectors of a conformational change of gyrase that leads to one round of supercoiling. Nucleotide dissociation favored by hydrolysis of ATP returns gyrase to its original conformation and thereby permits enzyme turnover. Such cyclic conformational changes accompanying alteration in nucleotide affinity also seem to be a common feature of energy transduction in other diverse processes including muscle contraction, protein synthesis, and oxidative phosphorylation. DNA gyrase is an ATP-requiring bacterial enzyme that catalyzes negative supercoiling of closed duplex DNA (1) (2) (3) . It is an essential function (4) implicated in DNA replication, transcription, and phage X integrative recombination (1, 5) . Gyrase is composed of two subunits that have been identified in preparations of the purified enzyme and have also been purified separately (3, 6) . Subunit A of the Escherichia coli enzyme is the nalA gene product (molecular weight of protomer = 105,000) and determines sensitivity to the related pair of gyrase inhibitors, nalidixic acid (Nal) and oxolinic acid (Oxo) (6) (7) (8) (9) . Subunit B is specified by the cou locus (6) and determines sensitivity to another pair of drugs, novobiocin and coumermycin Al (7, 10, 11) . Both subunits are required to reconstitute the five known activities of E. coli gyrase (6) (7) (8) ; unpublished data): (i) introduction of supercoils in the presence of ATP; (ii) relaxation of supercoils in the absence of ATP, a measure of the process we designate as "breakage and reunion"
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(B-R) § that is a component of all topoisomerases-enzymes that alter the linking number of DNA (12) ; (iii) DNA-dependent hydrolysis of ATP to ADP and Pi; (iv) enzyme binding to DNA; and (v,) site-specific cleavage of DNA. The cleavage reaction was discovered during the study of the mechanism of action of Oxo (7, 8) . Oxo inhibits gyrase by trapping a stable complex of enzyme and DNA that may be an intermediate in B-R analogous to intermediates proposed for other topoisomerases, such as E. coli w protein (13) and the rat liver DNA untwisting enzyme (14) . Treatment of the gyrase-DNA complex with sodium dodecyl sulfate (NaDodSO4) results in double-strand cleavage of the DNA at specific DNA sequences and attachment of the denatured enzyme to the DNA by covalent bonds (7, 8) . Cleavage, like B-R, is not inhibited by novobiocin or coumermycin Al.
Gyrase is unique among topoisomerases in its ability to drive the DNA into the higher energy supercoiled form by using ATP as an energy source. This report focuses on energy transduction by DNA gyrase. We 
MATERIALS AND METHODS
Enzyme Assays. Gyrase was reconstituted from highly purified subunits A and B that were prepared as described (6 
RESULTS
Alteration of DNA Gyrase Cleavage Pattern. Oxo traps a stable gyrase-DNA complex, treatment of which with NaDodSO4 results in double-strand cleavage of DNA at specific sites (7, 8) . When the substrate is full-length linear ColEl DNA produced by digestion of the closed duplex form with EcoRI restriction endonuclease, the primary products resolved by agarose gel electrophoresis are two fragments designated a and a' (Fig. 1, lane 2) . They result from a single cleavage, 0.47 genome length (unpublished data) from the EcoRI cut end closest to the origin of replication (19) . The less prominent bands in Fig. 1 structure very similar to that of ATP (20) . As shown by the Dixon plots (21) (Fig. 4 and  below) . The addition of ATP led, after a lag, to complete supercoiling (data not shown); therefore the enzyme was still active after the reaction had reached a plateau. The App[NH]p-induced supercoiling required both subunits A and B (Fig. 4) (22) (23) (24) (25) . In general, a nucleoside triphosphate seems to be an allosteric effector for a conformational change that leads to one round of movement; cofactor dissociation is a slow step which is facilitated by hydrolysis of the ,B-y anhydride bond and frequently by interaction with another protein or subunit of the same enzyme. For example, a nonhydrolyzable GTP analogue leads to a single translocation of peptidyl tRNA on the ribosome in the presence of substrate levels of G-factor (24) . Fig. 6 shows an adaptation to gyrase of the energy transduction scheme used by some workers in these fields, in particular by Hill (23 directly analogous to the nucleotide-induced change in the myosin crossbridge conformation that is postulated to underlie the sliding of filaments during muscle contraction (25) . The conformational change comes about because E is generally more stable than E, but the order is reversed by ATP; i.e., ATP binds preferably to E. In step 3, the hydrolysis of ATP accompanies dissociation of the DNA; this irreversible step provides direction to the cycle. Without dissociation, alternation between the two enzyme conformations would lead merely to oscillation of the DNA, but it does not follow that gyrase is strictly distributive (it is not) because enzyme can still be bound to DNA at another site. The cycle is completed in step 4, in which the release of ADP returns the enzyme to the original conformation, E. Nucleotide release occurs in this step because ADP binds less well than ATP.
